The round goby was noted for the first time in the Gulf of Gdańsk in 1990. After a few years, the round goby had invaded all suitable areas in the west part of the Gulf of Gdańsk.
INTRODUCTION
Success of biological invasion is possible only when biological features of an invader are supported by appropriate environmental conditions. On average, about 10% of introduced, non-indigenous aquatic species seriously change their newly colonized environment (Ricciardi, Kipp 2008) . Knowing the biological and ecological characteristics of the species and the description of certain environments, we can try to predict the possibility of the invasion success. Although this method often proves effective, sometimes successful invasion is observed despite unfavorable environmental conditions. Sometimes, human activity changes certain parts of the environment enough to open the gate for invasion. The successful invasion of the round goby in the Gulf of Gdańsk can be regarded as, at least partially, an unexpected episode.
In the case of the round goby invasion in the Gulf of Gdańsk, the most important factors were as follows (Corkum et al. 2004 , Sapota 2004 , Sapota and Skóra 2005 :
lack of predators in the shallow water zone, which helps the population to settle and then grow without a significant external regulating factor; -the presence of a hard substrate in the generally sandy bottom of shallow waters of the Gulf of Gdańsk. All solid elements on the bottom are utilized by round gobies as nest substrates and refuges; -a food supply rich in bivalves (mostly blue mussels), favorable to the typically bivalvevorous round goby.
Invasion by the round goby (Neogobius melanostomus), a Ponto-Caspian fish, has been observed in the Gulf of Gdańsk since 1990 Stolarski 1993, 1996) . Gobies were of small importance during the first few years of the invasion, but soon they became the dominant fish of the shallow-water fish community (Corkum et al. 2004 , Sapota 2004 , Sapota and Skóra 2005 , Wandzel 2000 . The invasion in this area involves a number of different species and a stable and complex ecosystem. This situation raises some important questions. How was such a successful invasion possible? Are the invaders behaving the same way in the native area as in the invaded region? We are trying to answer certain questions focusing on the spawning behavior and reproductive success. The round goby spawns in waters up to twenty meters deep, mostly in the shallowest areas. Males guard eggs attached to hard elements on the bottom (Charlebois et al. 1997 . In its native region, the Ponto-Caspian region, the effectiveness of reproduction is correlated with the sex ratio in the spawning population. When the number of females is greater than the number of males, the spawning effectiveness decreases. When the nests are large, many females lay eggs into one nest (round gobies are multiple spawners). Guarding and ventilation of nests is difficult; many developing eggs die (Kovtun 1978 (Kovtun , 1980 . In native areas, the number of males and females is mostly equal and spawning success is high. Males guard a territory around their nest about two meters in diameter (Pinchuk 1991) . Reproduction takes place during the whole warm period of a year. In the Gulf of Gdańsk, spawning typically extends from mid-April to late September (Corkum et al. 2004) . The bottom in this area is sandy and the spawning places are limited. The successful invasion of the round goby makes us question about the general effectiveness of spawning in situations when spawning places are very limited. We tried to answer the questions concerning the size and location (vertical and horizontal) of the round goby nests in the Gulf of Gdańsk. This led us to identify the major differences between the spawning strategies of the round goby from the Gulf of Gdańsk and those in native regions.
MATERIALS AND METHODS
The research was conducted from May till September over three consecutive years, i.e. from 2006 through 2008. Places suitable for round goby nesting were monitored in Puck Bay, the innermost part of the Gulf of Gdańsk (Fig. 1) .
In the study region, the bottom is generally sandy, not suitable for round goby nesting. Sections of the shore are protected against erosion by stones and boulders. They form a narrow strip from the beach into the water of less than one meter deep. The width of such a strip varies but never exceeds 10 meters.
The observation areas were selected based on the differences in the shore and bottom configuration. Five sites, located at a distance of 5 to 10 km from each other, were investigated. The inspected areas were from 50 to 150 m long and from 5 to 10 m wide. The study took into account all hard elements on the bottom from the shoreline to a deeper part with stones. There were no other deeper sites suitable for nests in the study area. The sites entirely covered with a hard substrate were selected for observation.
The study sites were divided into transects about 1 m wide, due to a limited visibility. Transects covered the entire observation area. The presence of nests was checked by scuba diving or snorkeling at least once a month.
Each nest was measured to calculate its area. Irregular shapes of nests were divided into figures of regular shapes. Appropriate distances were measured to calculate the area of figures. The number of eggs on one square cm was counted. Distances between adjacent nest edges were measured. The depth of nest location was noted. If a male was present in a nest during the observations, its length was estimated with 2 cm accuracy. Measurements were calibrated using a ruler laid on the bottom.
Based on the obtained results, the statistical parameters (average, median, sd, max, min, procentilles) were determined. Differences between samples were tested at p=0.05 using the t test and one way ANOVA.
Samples were compared taking into account their spatial and temporal distribution.
Very few data from the Hel station were excluded to obtain more clear figures. These data are discussed in the text.
RESULTS
During the study period, 1 308 round goby nests were checked. The largest number of nests was recorded in the inner part of Puck Lagoon (Płutnica mouth and Kuźnica stations). Few round goby nests were found on the tip of the Hel Peninsula. Nests were not very abundant on the other end of the investigated area (Babie Doły station) either (Fig. 2) .
Almost all nests were situated in waters shallower than one meter. Only a few nests were found at deeper depths (Fig. 3 ). They were found at Kuźnica (some nests) and at the Hel station, on the tip of the Hel Peninsula. Only two nests were found in Hel. On average, the shallowest locations of the round goby nests were in the innermost part of Puck Lagoon (Osłonino and Płutnica mouth stations). At most of the locations, the round goby nests were situated at similar depths. Nests at much deeper locations were observed on the shores of the outer part of Puck Bay (Fig. 3) . Nevertheless, the observed differences were not statistically significant. In the innermost part of the bay (Osłonino and Płutnica mouth stations), a decreasing trend in the depth of nest location over the following years is well documented. In the most outer parts of the bay, this trend is not so clear.
The maximum concentration of round goby nests was noticed in the inner part of Puck Lagoon. The average distances between nests in Osłonino, Płutnica mouth and Kuźnica were similar. In the following years, the distance between nests considerably increased, at least at the first two stations mentioned above. Nonetheless, the observed differences were not statistically significant (Fig. 4) . The smallest average distance -about 14 cmbetween nests was recorded in Kuźnica, in 2006. At stations situated in more open areas, the distances between nests were larger (Fig. 4) . In Hel, only two nests were found within a distance of over a hundred meters.
The average number of eggs in round goby nests in the inner part of the bay was almost the same at all stations (Fig. 5 ). The average nest had about 2 000 eggs. In the most outer parts of the bay, bigger nests were found. The biggest nest located in Jastarnia consisted of almost 16 000 eggs. The average number of eggs was also larger in this area.
The maximum average number of eggs per square cm of a nest was observed in Hel: about 37 eggs per 1 square cm (only two nests were investigated). At all other sampling sites, the average number of eggs was almost equal: 30 eggs per 1 square cm (Fig. 6) .
The largest nests (in terms of area) were found in the outer part of the bay (Fig. 7) . In 2008, a nest almost 600 square cm in area was examined in Jastarnia. The average area of nests in this place was much smaller − about 150 square cm. Generally, the average size of nests in Osłonino and Płutnica mouth were very similar − about 50 square cm. The smallest nests (a few square cm) were observed at the Płutnica Mouth station. In Kuźnica and Osłonino, the smallest nests were only slightly larger. Two large nests were found in Hel − over 500 square cm each.
As evidenced by one way ANOVA, there was no statistically significant trend in changes of all abovementioned parameters in subsequent years of the observation, except for the maximum number of eggs deposited in one nest (p=0.048). In 2007, the maximum number of eggs deposited in one nest was significantly smaller (Fig. 5) . The largest difference was observed at the Jastarnia station. On the contrary, it has been found the place of observation significantly affects most of the parameters regardless of the year of observation, but there were no statistically confirmed trends in the maximum area of nests (p=0.09), the average depth of nest location (p=0.07), the average (p=0.14) and minimum distance between nests (p=0.53), the average (p=0.13) and maximum number of eggs laid per square cm (p=0.56), average (p=0.09) and the maximum number of eggs in nest (p=0.47).
DISCUSSION
Taking into account the environmental conditions of the Gulf of Gdańsk (Graca et al. 2004 , Tomczak 1995 , Uścinowicz 1999 ) and the biology of the round goby (Miller 1984 , 1986 , 2003 , Kornis et al. 2012 , Pinchuk 1970 , 1991 , Reese 1964 , it was theoretically possible to predict the number of nests in the area and consequently to calculate the number of round gobies born each year. According to that calculation, the importance of the round goby in the newly colonized area should be insignificant. The bottom of the Gulf of Gdańsk is generally sandy (Tomczak 1995 , Uścinowicz 1999 . Only small, restricted areas at the foot of cliffs are covered by stones and boulders. An artificial concrete bottom is present in harbors, marinas and fragments of the shore protected from erosion.
Unexpectedly, the round goby in the Gulf of Gdańsk is far more important than it could have been predicted. Actually, the round goby is one of the dominant fish species in the shallow, inshore waters of the area (Corkum et al. 2004 , Sapota 2004 , Sapota and Skóra 2005 , Wandzel 2000 .
What are the reasons of (at least partially) unexpected round goby colonization success? The change in the nest guarding strategy seems to be the major difference between the round goby population from the Gulf of Gdańsk and the native populations of the species. There were no statistically significant differences in the parameters of round goby nests during the subsequent years of observation (Fig. 3-7) . During the study period, the largest number of nests was found in the inner part of Puck Lagoon (Płutnica mouth and Kuźnica stations - Fig. 2) . This difference was statistically significant (one way ANOVA p<0.05). The inner part of Puck Lagoon is shallow with an average depth of about 2.5 m, and sandy bottom covered in many places by vegetation (Pliński and Wiktor 1987, Pliński 1990 ). This region has been heavily colonized by round goby since 1997 (Corkum et al. 2004 , Sapota 2004 , Sapota and Skóra 2005 . Areas suitable for round goby nests are restricted mainly to a narrow strip of stony and concrete shore reinforcements, where a concrete band and stony coating have replaced natural reed beds. Shoreline habitats with reed beds, preferred by many fish species, disappeared and were replaced by favorable conditions for round gobies.
There are some cliff shores with natural stones in the water near the cliff foot. These areas are typical for the Babie Doły and Osłonino sampling sites. Such natural, partially hard bottom areas are very limited.
On the tip of the Hel Peninsula, round goby nests were rare, probably due to less favorable hydrological conditions and a general lack of shore reinforcements typical of the Puck Lagoon. Long and very narrow caves, built of concrete tetrapods and big boulders, may be used by round gobies, but they are inaccessible for inspection. Unfortunately, no data from such places are available. The other potential reason for very low abundance of round goby nests might be that almost all surfaces are covered by sessile organisms Janas 2007, Dziubińska and Szaniawska 2010) . Big, heavy boulders and concrete elements are a better substrate for stable vegetation than smaller stones, which move during storms. Round goby nests cannot be placed on sessile organisms. Round gobies lay eggs only on clear surfaces. There is no evidence that round gobies clean thoroughly the nest substrate before laying eggs.
Almost all nests were situated in waters up to one meter deep. Only a few nests were found at deeper locations: two of them were investigated at the Hel station, on the tip of Hel Peninsula, and some at the Kuźnica station. On average, the shallowest round goby nests were found in the innermost part of Puck Lagoon (Płutnica mouth station). In most observation areas, the round goby nests were situated at similar depths. Much deeper locations of nests were observed on the shores of the outer part of Puck Bay (Fig. 3) . Why almost all nests were situated in such shallow waters? On one hand, suitable nest substrates are found only in shallow areas. On the other hand, it is well-documented that round gobies prefer to place their nests in the shallowest, warmest waters, even in areas where suitable nest substrates are situated at deeper locations, also (Charlebois et al. 1997 , MacInnis 1997 , Kovtun 1980 , Menshikova 1954 , Rashcheperin 1967 , Izergyn and Dushkina 1994 . In some localities, however, the round gobies build their nests at much deeper locations. Wickett and Corkum (1998) have observed round goby nests on wrecks in Lake Erie at depths of 7-11 m. At the Hel station, one of the nests was found at a depth of 8 m. It was placed inside a PVC pipe.
In places where nests were most common, they were also most congested (Fig. 2, 4) . The average distances between nests increase as the number of nests in a given area decreases. In Hel, nests were found some hundred meters apart. Only two nests were found at this location, probably because the sites were unsuitable for observation. The results from Hel cannot be compared with those obtained at other stations. The Hel areas suitable for nesting are built from heavy concrete tetrapods and big boulders. Almost all places suitable for nests are inaccessible for inspection. It is also worth mentioning that the hydrological conditions in the Hel area are different from those observed in the inner parts of the bay. Water temperature is lower and sea surface is wavier. There are no large areas of shallow waters like in other investigated regions (Pliński and Wiktor 1987, Pliński 1990) .
Round gobies are not the only fish to place more nests on a given area when suitable substrates are scarce. A similar behavior was observed in blenny Salaria pavo (Almanda et al. 1994) . The reproduction success is one of the most important goals of an individual. Some behaviors may be changed depending on the environmental conditions.
The reported numbers of eggs per square cm were similar in all investigated places (Fig. 6) . The biggest differences were noticed in places where the number of observations was small and the sample size was insufficient. The number of eggs per square cm is similar to that reported from other regions of round goby occurrence (MacInnis and Corkum 2000) .
The largest nests were found in places where congestion was high (Figs 2, 5, 6 ). Most probably, high concentration of spawning gobies and lack of suitable spawning areas result in the largest nests. On the other hand, females of many fish species prefer to lay their eggs in larger nests. In such a situation, the probability of survival of certain eggs increases (Kraak 1996 , Sargent 1988 . It is possible that some nests touched one another and they were counted as one large nest. In some cases, it was impossible to decide how many nests covered larger flat surfaces like big wooden boards. Such observations were excluded from the presented results.
According to data from the native region of the round goby (Kovtun 1978) , average nests from the inner part of Puck Bay might be treated as small nests. Males guard small nests better than bigger nests. It increases the effectiveness of reproduction and survival chances.
The sex ratio is described as one of the most important factors in round goby reproduction effectiveness. The dominance of males in the spawning population results in small, better-guarded nests. In such situations, about 95% of eggs in nests develop into larvae (Kovtun 1978 (Kovtun , 1980 . In the Gulf of Gdańsk, strong dominance of round goby males was observed from the beginning of invasion (Tomczak and Sapota 2006) .
Due to round goby male guarding behavior, their nests are mostly situated 2 meters apart (Corkum et al. 2004 , Kovtun 1978 .
The differences observed in the investigated parameters, in the following years, might be explained by the influence of varying environmental conditions, i.e. water temperature. The round goby starts to spawn when water temperature reaches 9°C (Kovtun 1978) . Spawning is most intensive in water temperatures of about 15-16°C . Differences in water temperature affect the time of spawning and its intensiveness in the following years. The water level is another important environmental factor. During the second and third year of this study, nests were observed on the same objects. Differences in the depth of the round goby nest locations (Fig. 3) are affected mainly by differences in the water level, not by changes in the nest location. Low water levels in some localities make certain places inaccessible for nesting. There are no tides in the Gulf of Gdańsk. The water level changes are affected mainly by wind backwater.
Generally, the smallest distances between nests are observed in the inner part of the bay, where areas suitable for nesting are very restricted. In places where there is more room for nests, distances between them grow noticeably. The other factors, except the availability of suitable nesting substrate, can influence the distance between the nests (MacInnis and Corkum 2000) . The influence of predators should also be taken into consideration. In the case of the round goby invasion in the Gulf of Gdańsk, lack of predators in the colonized area was one of the major factors favoring the invasion (Corkum et al. 2004 , Sapota 2004 , Sapota and Skóra 2005 , Skóra and Stolarski 1996 . Predation does not seem to be important for the round goby in the Gulf of Gdańsk, despite the fact that the round goby is currently the most important food item for cormorants in that area (Bzoma 1998) .
CONCLUSIONS
The following general conclusions about the round goby nest-guarding behavior and the possibilities of successful colonization of new areas can be drawn from the results of our study:
• Any solid elements on the bottom may be used as a nest substrate; • In the case of a limited nesting area, distances between nests decrease noticeably; • Shallow water areas with almost any type of bottom might be invaded by the round goby.
These conclusions indicate additional round goby ecological prerequisites for range extension compared with those described previously (Moskalkova 1996) .
